In five anesthetized open chest dogs, contraction patterns of the left ventricle induced by ventricular pacing were analyzed using cineangiocardiography.
In five anesthetized open chest dogs, contraction patterns of the left ventricle induced by ventricular pacing were analyzed using cineangiocardiography.
Left ventriculography was performed with dogs in the right anterior oblique position. The right atrial appendage (RA) and two ventricular sites (RVO: outflow tract of the right ventricle and LVA: apex of the left ventricle) were stimulated electri cally at a rate of 150 per min. Contraction patterns and cardiodynamics in response to ventricular pacing were compared with those to RA pacing, which represents a normal sequence and extent of ventricular contraction.
RVO pacing resulted in asyneresis of anterior wall and normal contraction of posterior wall, while LVA pacing produced a systolic expansion of the apex associated with enhanced contraction of the posterior wall. Ventricular pacing uniformly caused decreases in left ventricular end-diastolic volume (LVEDV), stroke volume (SV) and ejection fraction (EF), with relatively constant left ventricular end-systolic volume (LVESV). Blood pressure was significantly decreased with ventricular pacing. There were only minor differences of these parameters between RVO and LVA pacing.
It was considered that a diminution of SV and EF during ventricular pacing resulted from the asynchronous contraction of the ventricle which was not related to decreased myocardial contractility. cineangiocar diography; ventricular pacing; ventricular asynchrony; cardiac performance; pacemaker site
It has been well known that ectopic ventricular beats are associated with asynchronous contraction of the left ventricle (Herman et al. 1967) . Our previous studies (Miyazawa et al. 1976 (Miyazawa et al. , 1977a showed that ventricular pacing from various sites caused a diminution of cardiac output and systemic bood pressure as compared with right atrial pacing, and there were no significant differences in these hemodynamic parameters by changing the site of ventricular pacing. However, little information is available concerning the influence of asynchronous activation on the contraction patterns of the left ventricle and the relation with the cardiac pumping action (Ueda et al. 1968; Herman and Gorlin 1969; Eber et al. 1974) . In this regard, the present study was undertaken to describe the changes in left ventricular shape and movements during ventricular pacing and to correlate these with the cardiac performance.
MATERIALS AND METHODS
Five mongrel dogs weighing 9.5 to 23.5 kg (average weight 15.8 kg) were anesthetized with 30 mg/kg Nembutal? administered intravenously. Right thoracotomy was performed through the fifth intercostal space. The lung was ventilated with 100% oxygen at a frequency of about 25 per min, using a respirator (Aika model 60) connected to an endotra cheal tube. The pericardium was opened and the heart was suspended in a pericardial cradle. A 7F NIH catheter was introduced from the right femoral artery across the aortic valve into the left ventricle and used for contrast medium injection. A 7F end-hole catheter was placed into the abdominal aorta through the left femoral artery for pressure tracing. A pair of electrodes was fixed to the right atrial appendage (RA), outflow tract of the right ventricle (RVO) and apex of the left ventricle (LVA). Each pair of electrodes was connected to a stimulator (Nihon Kohden model SEN-1101). Electrical stimulation was done with monophasic pulses of 3 to 8 volts intensity and 4 to 5 msec duration. The dogs were positioned in the right anterior oblique position on an x-ray table. The sinus node was crushed and the heart was paced at a constant rate of 150 beats per min. Pacing was first applied to RA and then to RVO and LVA. Left ventriculography was performed after 2 min of each pacing when a steady state had been attained. Respiration was interrupted in inspiration before cineventriculography. Ventriculograms were recorded on 16 mm film at 100 frames per sec utilizing a 9 inch image intensifier sytem. Contrast medium (0.8 ml/kg of 76% Diatrizoate) was injected at a rate of 17 ml/sec by a power injector (Contrac 3E, Siemens) in the left ventricle through a catheter. Standard lead II of the electrocardiogram and aortic pressure were monitored throughout each experi ment. If a premature beat occurred during ventriculography, the beat and the next beat following the premature beat were not used.
Opacified left ventricular image was analyzed with a motion analyzer.
The distance from the midpoint of the aortic valve to the apex of the left ventricle was measured as the major axis of the ventricle.
The image was divided into quarters by 3 minor axes drawn perpendicular to the major axis of the chamber. Each minor axis was further sectioned in 2 parts (the anterior hemiaxis and posterior hemiaxis) by the major axis. Individual axes were measured in both end-diastole and end-systole.
Chamber volume was calculated according to the method of Greene et al. (1967) . Calibration of the ventricular image size was made with a metal grid of 1 cm square placed at the level of the left ventricle with the same tube image intensifier distance as used during ventriculography.
RESULTS

As summarized
in Table  1 
DISCUSSION
Recent cineventriculographic investigations have greately contributed to the understanding of the dynamic geometry of the left ventricle (Sandler and Alderman 1974) . Ventricular pacing is associated with asynchronous contraction of the left ventricle or disturbed temporal sequence of contraction. In the present study , the dimensional changes during ventricular pacing were compared with those during RA pacing. With RA pacing, the percent shortening was 44% for basal minor axis, 53 for middle, and 60 for periapical and 24 for the major axis, signifying that the shortening of the major axis contributed minimally to blood ejection . With RVO and LVA pacing, the percent shortening of the minor axes was also larger than that of the major axis, although the sequence and magnitude of contraction were different from RA pacing.
The striking feature of the contraction during LVA pacing was the lengthening of the major axis and the forceful contraction of the posterior wall , while RVO pacing caused a diminished contraction of the anterior wall (asyneresis) and normal contraction of the posterior wall . It seems likely that during LVA pacing the lengthening of the major axis in systole , i.e. paradoxical expansion, is due to an early termination of mechanical contraction at the periapical segment and therefore inability of the apical muscle to maintain enough tension against high intraca vitary pressure. This finding is consistent with the observation of Eber et al . (1974) that periapically stimulated left ventricle produced an "hour glass appearance" of contraction pattern.
It is presumed that RVO pacing is hemodynamically more effective than LVA pacing, because the latter gives rise to systolic expansion of the apex and hence blood will be sequestered in this portion rather than ejected into the aorta. In the present study, however, RVO and LVA pacing caused a similar diminution of stroke volume and end-diastolic volume. This finding coincides with the previous hemodynamic studies, which demonstrated a uniform diminution of cardiac output and systemic blood pressure with ventricular pacing but no significant difference by changing the site of ventricular pacing (Tsagaris et al. 1970; Gibson et al. 1971; Miyazawa et al. 1976 ). With LVA pacing, systolic bulging of the apex was associated with a vigorous contraction of the posterior wall of the left ventricle. It seems reasonable to consider that the compensatory forceful contraction prevents a further deterioration in cardiac performance.
It is generally agreed that atrial systole produces a sufficient ventricular filling at end-diastole. Ventricular pacing, in which ventricular filling is not assisted by the properly timed atrial systole, caused a smaller end-diastolic volume than RA pacing. A shorter end-diastolic myocardial fiber length results in a less forceful ventricular contraction.
According to the Frank-Starling mechanism, the normal responses to load are parallel changes in the end-diastolic volume, endsystolic volume and hence stroke volume. However, this study demonstrated that during ventricular pacing end-systolic volume was unchanged despite the diminution of end-diastolic volume and stroke volume, reflecting the reduction in shortening from a given initial myocardial fiber length. Correspondingly, ejection fraction was decreased with RVO and LVA pacing. These findings would be ascribed to decreased myocardial contractility or asynchronous contraction of the left ventricle. Generally, stroke volume or stroke work is known to be dependent on afterload (resistanee to shortening), myocardial contractility and the mode of ventricular excitation, when preload (end-diastolic pressure or fiber length) and heart rate are held constant. In this study, heart rate was constant throughout the experiment. Although we did not investigate the hemodynamic response to ventricular pacing in comparison with RA pacing at equivalent end-diastolic volume, Gilmore et al. (1963) have presented that the left ventricle produced less stroke work from any given left ventricular end-diastolic pressure during ventri cular stimulation. It is unlikely that temporal asynchrony could alter the contractility of individual muscle fibers to cause the changes in ventricular func tion. Afterload, as determined by aortic pressure, was rather decreased during ventricular pacing. It is, therefore, considered that the reduced cardiac per formance during ventricular pacing is due to the ventricular asynchrony and decrease in end-diastolic volume rather than negative inotropic effect.
